Abstract Mammals have several major histocompatibility complex (MHC) class-I-like genes. Although some of them are assumed to have originated before the emergence of mammals, the origin of class-I-like genes is poorly understood. We analyzed here the recently released chicken draft genome sequence and identified two families of class-I-like genes: CD1 and PROCR (the gene for the endothelial protein C receptor). Chickens have two CD1 genes, designated CD1.1 and CD1.2, located in tandem ∼840 bp apart from each other. Chicken CD1.1 and CD1.2 are neither group 1-nor group 2-like, indicating that the two groups of CD1 emerged in a mammalian lineage. Although the database provides no information as to their chromosomal localization, we found that chicken CD1 genes are located adjacent to the previously characterized MHC B system contig on chromosome 16. We confirmed the linkage of CD1 to the B system by dual-color fluorescence in situ hybridization. Chickens have a single copy of PROCR. Among known class-I-like genes, PROCR is most closely related to CD1, indicating that CD1 and PROCR constitute a distinct subfamily of class-I-like genes that predates the emergence of mammals.
Introduction
Classical class I genes of the major histocompatibility complex (MHC) are highly polymorphic and expressed almost ubiquitously (Klein 1986 ). They encode the heavy chain of class I molecules that present antigenic peptides to CD8 + T cells. In addition to classical class I genes, mammalian genomes contain several class-I-like genes collectively known as nonclassical class I genes. Although the majority of nonclassical class I genes located in the MHC show reasonably high sequence similarity to classical class I genes with the exception of MICA/B (Bahram et al. 1994) and HFE (the gene for hemochromatosis) (Feder et al. 1996) , most of those encoded outside the MHC are quite divergent from classical class I genes . Among such divergent class-I-like genes are CD1 , AZGP1 (the gene for zinc-α2-glycoprotein) (Araki et al. 1988) , FCGRT (the gene for the heavy chain of the neonatal IgG Fc receptor) (Simister and Mostov 1989) , PROCR (the gene for the endothelial protein C receptor) (Fukudome and Esmon 1994) , MR1 (Hashimoto et al. 1995) , RAET/ULBP (the genes for retinoic acid early transcripts 1) (Zou et al. 1996) , and Mill (MHC class-I-like genes located near the leukocyte receptor complex) (Kasahara et al. 2002; Watanabe et al. 2004 ). Accumulated evidence indicates that class-I-like genes have diverse functions ranging from specialized antigen presentation (Bahram 2000; Treiner et al. 2003; Vincent et al. 2003) to the transport of IgG (Simister and Rees 1985) and lipid mobilization and catabolism (Todorov et al. 1998) .
Although it is generally assumed that some class-I-like genes, in particular those encoded outside the MHC, originated prior to the emergence of mammals, their origin is poorly understood. Recently, the draft genome sequence of the chicken, with 6.6-fold coverage, was deposited in the publicly available databases (Hillier et al. 2004 ). Among nonmammalian vertebrates for which draft genome se-quences are available, chickens are phylogenetically most closely related to mammals, hence serving as a good starting point for searching the origin of class-I-like genes. In the present study, we searched the chicken draft sequence for class-I-like genes and found that chickens have CD1 and PROCR families of class-I-like genes. We also found that, unlike mammalian CD1, chicken CD1 genes are located in the MHC.
Materials and methods

Isolation of CD1.1 and CD1.2 cDNA by RACE
We performed a computer search of the Ensembl (http:// www.ensembl.org/) and National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) databases. Based on the information obtained from the databases, we designed primers for rapid amplification of cDNA ends (RACE) experiments. Briefly, total cytoplasmic RNA isolated from the spleen of a chicken obtained from a local dealer was converted to cDNA and subjected to RACE using the GeneRacer kit following the instructions of the manufacturer (Invitrogen, Carlsbad, CA, USA). This kit allows selective identification of full-length mRNAs by removing the 7-methylguanine cap and replacing it with specific oligo (Maruyama and Sugano 1994) . The genespecific primers for 3′-RACE were 5′-CGCGTTTTCCAG ATCCACACAGG-3′ and 5′-CCAACGGAACGAGATGG AGCTTTG-3′ for CD1.1 and 5′-AGCTCCAGTCCAACG GGACCATC-3′ and 5′-CCAACGGGACCATCAGGACC TTC-3′ for CD1.2. The gene-specific primers for 5′-RACE were 5′-TCTCTCCAGATCTGTCCTCCCTTCC-3′ and 5′-GGAGGAGGAGAAGACGTGCTCCA-3′ for CD1.1 and 5′-TCTGCTTTCCCAGCCTGGATGAA-3′ and 5′-TGTC CACACAGGTGTCGTTGAGGA-3′ for CD1.2. Polymerase chain reaction (PCR) products obtained by 3′-and 5′-RACE were cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA), and their sequences were determined using an automated sequencer. Potential PCR errors were eliminated by setting up PCR reactions in triplicate and sequencing multiple clones for each reaction.
Isolation of PROCR cDNA by RACE
A computer search of the Ensembl and NCBI databases resulted in the identification of high-throughput genomic and expressed sequence tag (EST) sequences predicted to encode chicken PROCR. We designed primers for RACE experiments based on the EST sequences, and total RNA isolated from the thymus was converted to cDNA using the GeneRacer kit. Gene-specific primers for 3′-RACE were 5′-ATGCTCAGGCTGCTGCTGCT-3′ and 5′-TCAGCGG CATAGTGCAGGTC-3′, and those for 5′-RACE were 5′-AGGATGTCCACGCAGGTGGT-3′ and 5′-GGGACGTG GAAGGTGAGGAA-3′. Cloning and sequencing were performed as described above.
Determination of gene structures and analysis of surrounding genomic regions
In principle, exon-intron structures of chicken CD1 and PROCR genes were deduced by comparing cDNA sequences determined above with the genomic sequences deposited in the NCBI (build 1.1) and Ensembl (29.1e) databases. For those regions where the draft genome sequence was absent or judged to contain assembly errors, we obtained the sequences using PCR products amplified from the chicken genomic DNA. The interval between CD1.1 and LOC427729 (the gene coding for a putative G-protein-coupled receptor) was amplified by PCR (initial denaturation of 4 min at 91°C followed by 35 cycles of denaturation at 94°C for 1 min, annealing at 58°C for 1 min and extension at 72°C for 1.5 min, and a final extension at 72°C for 5 min) using the primers 5′-ACCTCATCCCTTCTCCTAC-3′ and 5′-CCGTAGGACT GTCACCCACT-3′. The interval between LOC427729 and TN-Y (the gene for tenascin-Y, the chicken counterpart of tenascin-X, which in mammals is encoded in the class III region) (Hagios et al. 1996) was amplified by long-range, nested PCR using two sets of primers: 5′-ATGACACAGCTCCACAGCAC-3′ and 5′-GGGACAC ACACAGGACACAA-3′ (first round) and 5′-CAGAGA CAGTCGCATTGGAA-3′ and 5′-CAGGCTCTGAGGGC TCAATA-3′ (second round). Cycling conditions were initial denaturation of 1 min at 94°C followed by 30 cycles of denaturation at 98°C for 10 s and annealing and extension at 68°C for 15 min (10 min for nested PCR) and a final extension at 72°C for 10 min. The interval between TN-Y and histone H3 was amplified by long-range PCR using three sets of primers: 5′-GAG TACTCCATCCCCTTCACAGAGATGA3′ and 5′-CTTT ATCACCGCTGTTTTCCCGATTT-3′ (first round), 5′-GG GTCGCAGTGGAGCCTTTA-3′ and 5′-CCCCAAAAAT GGGACTTACC-3′ (second round), and 5′-GGAGCCTT TATGGGGTCAAT-3′ and 5′-CCCCAAAAATGGGACT TACC-3′ (third round). Cycling conditions were initial denaturation of 1 min at 94°C followed by 30 cycles of denaturation at 98°C for 10 s and annealing/extension at 63°C for 15 min and a final extension at 72°C for 10 min.
Dual-color FISH
Chicken tapasin cDNA was isolated by nested reverse transcription-PCR (RT-PCR) from liver cDNA using the forward primer (5′-GCTCTGCTGGTCCCAATTTA-3′) and two sets of reverse primers (5′-GGTCACTGCGATTTCTTGGT-3′ and 5′-TAGGGTAGAGCCAACGGATG-3′). These primers were designed on the basis of the published cDNA sequence (Frangoulis et al. 1999 ) and the draft genome sequence. Cycling conditions were initial denaturation of 4 min at 91°C followed by 30 (first round) or 25 (second round with nested primers) cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1-1.5 min and a final extension at 72°C for 5 min.
Identity of the tapasin cDNA was confirmed by partial DNA sequencing.
The fragment lengths of CD1 and tapasin cDNA probes were modified by DNase I digestion to the size ranging from 300 to 600 bp. The digested CD1 and tapasin cDNA fragments were labeled with Alexa Flour 532 and Oregon Green 488 using ULYSIS Nucleic Acids Labeling Kits (U21659 and U21651, respectively) according to the manufacturer's instructions (Molecular Probes, Eugene, OR, USA). Two micrograms of labeled DNA was mixed with 10 μg of chicken Cot-1 DNA and dissolved in 8 μl of hybridization solution (50% formamide and 10% dextran sulfate in 2×SSC). The hybridization mixtures were applied onto the metaphase spreads prepared from the chicken cell line DT40 (derived from JCRB9130). Fluorescence in situ hybridization (FISH) procedures were followed by the standard protocols described elsewhere (Tanabe et al. 2005) . The slides were counterstained with 4′,6-diamidino-2-phenylindole (1 μg/ml) and mounted with antifade medium Vectashield (Vector Laboratories, Burlingame, CA, USA). Monitoring of the fluorescent twin spot signals on the metaphases was performed under an epifluorescence microscopy (Leica DM5000B) equipped with single-band-pass filters. FISH images were captured with a Leica DFC 350 FX camera and analyzed by the Leica CW4000 software program.
Sequence analysis
Signal peptides were predicted using the SignalIP version 2.0.b2 server (http://www.cbs.dtu.dk/services/SignalP-2.0/). Transmembrane segments (TMs) were predicted using the SOSUI program (http://www.sosui.proteome.bio.tuat.ac.jp/ sosui_submit.html). Kyte and Doolittle hydropathy plots (Kyte and Doolittle 1982) with a window size of nine residues were generated using the ProtScale program (http:// www.us.expasy.org/tools/protscale.html). Amino acids sequences were aligned with the Clustal W program (Thompson et al. 1994) . The alignment was then adjusted by eye to maximize sequence similarity. For phylogenetic analysis, the distance matrix was obtained by calculating p distances for all pairs of sequences. Sites containing gaps were excluded from the analysis using the pairwisedeletion option. Neighbor-joining trees were constructed using the MEGA software version 3.0 (Kumar et al. 2004 ). The reliability of branching patterns was assessed by bootstrap analysis (5,000 replications). 
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Results
Isolation of chicken CD1.1 and CD1.2 cDNA
We performed tBLASTn searches of the Ensembl and NCBI chicken draft genome databases using the human CD1 sequences (P15813 and AAA51931.1) as queries. Two high-throughput genomic sequences (XM_423513 and XM_423514), presumed to contain CD1 genes, designated CD1.1 and CD1.2, were identified. To facilitate cDNA cloning, we first deduced the α1-α3 domain sequences of chicken CD1.1 and CD1.2 from the draft genome sequence and searched the EST database using these sequences as queries. This led to the identification of EST encoding CD1.1 (CD2181331, CB0170461, BG710491, BG7131691, CB0173851, and CK6131741) and CD1.2 (AJ396603 and AJ442905). We designed gene-specific primers based on this information and isolated full-length cDNA by RACE. Figure 1 shows the amino acid alignment of chicken CD1 and human CD1A/CD1D. Deduced chicken CD1.1 and CD1.2 molecules are made up of 348 and 374 amino acids, respectively. Both molecules were predicted to have an N-terminal signal peptide consisting of 17 amino acids and a single TM. Hence, mature forms of chicken CD1.1 and CD1.2 are predicted to have 331 and 357 amino acids, respectively. In the α2 domain of CD1.1, one of the cysteine residues involved in disulfide bridge formation was changed to phenylalanine. Interestingly, this cysteine residue is changed to tryptophan in the α2 domain of mouse CD1d2. Comparison of chicken CD1.1 and CD1.2 showed that their α3 domains are almost identical (98% amino acid identity), whereas the remaining extracellular domains are poorly conserved (25 and 22% amino acid sequence identity for the α1 and α2 domains). Many mammalian CD1 molecules contain tyrosine-based endosomal sorting motifs in their cytoplasmic tails (CYT) (Sugita et al. 2004 ). The CYT of chicken CD1.2 contains a potential tyrosine-based motif. On the other hand, chicken CD1.1 does not contain such motifs in its CYT, but its Cterminus ends with leucine-isoleucine residues that may function as a modified dileucine motif (Sandoval and Bakke 1994) . We compared hydropathy plot profiles of the α1 and α2 domains of chicken CD1.1 and CD1.2 with those of chicken and human classical class I molecules and human CD1 molecules (see the electronic supplementary figure 6 ). This analysis revealed that, similar to human CD1, the α1 and α2 domains of chicken CD1.1 and CD1.2 were more hydrophobic than those of classical class I molecules. BLAST searches of the NCBI database identified CD1 of various mammalian species as molecules most similar to chicken CD1.1/CD1.2 (30% amino acid identity). Phylogenetic analysis (Fig. 2) confirmed that chicken CD1.1 and CD1.2 qualify as members of the CD1 family. Notably, chicken CD1.1 and CD1.2 were more closely related to each other than they were to any of the mammalian CD1 molecules. Thus, the duplication event that gave rise to chicken CD1.1 and CD1.2 appears to have taken place independently from the one that created the two groups of mammalian CD1 genes.
Structures of the chicken CD1 genes Supercontig NW_090165.1, made up of contigs 3696.1 and 3696.2, contained the entire exons of the CD1.2 gene (Fig. 3a) . We deduced the exon-intron organization of this gene by comparing our cDNA sequence with the sequence of the supercontig. Exon 1, intron 1, exon 2, and part of intron 2 of CD1.2 were in contig 3696.1, and part of intron 2 and the rest of the gene were in contig 3696.2. Supercontig NW_090165.1 did not contain the whole intron 2 sequence because contigs 3696.1 and 3696.2 were separated by a gap. We filled this gap by sequencing genomic PCR products (accession number AB204797). This showed that intron 2 was made up of 885 bp. Contig 3696.2 contained exons 1-4 of the CD1.1 gene, but lacked exons 5-6. We therefore obtained the sequence of this region including exon 3 to intron 4 (accession numbers AB204798, AB204799, and AB205528) and deduced the structure of the CD1.1 gene. The two CD1 genes are located in tandem, only ∼840 bp apart from each other (Fig. 3b) . They have identical exonintron organization and are compact in size (∼2.8 kb for CD1.1 and ∼2.9 kb for CD1.2). Exon 1 codes for the 5′-untranslated region (UTR), the signal peptide, and the first four residues of the α1 domain. The α1, α2, and α3 domains are encoded by exons 2, 3, and 4, respectively. Exon 5 encodes the connecting peptide (CP), TM, and part of CYT, and exon 6 encodes the CYT and 3′-UTR. In both CD1.1 and CD1.2, all exon-intron boundaries conformed to the canonical guanine-thymine/adenine-guanine (GT/ AG) rule without exception. Like mammalian CD1 genes, RNA splicing took place between the first and second base of the junctional codons in all boundaries, with the exception of intron 5 where splicing took place between the second and third base. Analysis of EST sequences indicated that CD1.2 has a splicing variant where intron 3 (made up of 87 bp) is not spliced out, resulting in the insertion of 29 amino acids between the α2 and α3 domains (clone 27b4r1 derived from the bursa of Fabricius; accession number AJ396603). However, we were unable to detect this splicing variant when we performed PCR using spleen cDNA as a template (data not shown).
We mapped the transcription initiation sites of the chicken CD1.1 and CD1.2 genes by sequencing 11 clones each of 5′-RACE products (Fig. 3c) . In CD1.2, six clones started at the adenine residue 45 bp upstream from the translation initiation site. In CD1.1, transcription initiation sites were more variable, suggesting that this gene lacks The draft genome sequence provided no information as to the chromosomal localization of CD1 genes, because supercontig NW_090165.1 containing CD1.2 and part of CD1.1 was not localized to any specific chromosome and was not linked to any other contigs with known chromosomal localization (Fig. 3a) . Surprisingly, however, a BLAST search of the Ensembl genome assembly using the CD1.1 cDNA nucleotide sequence (AB204802) as a query revealed that the 3′-UTR sequence of CD1.1 cDNA overlaps with that of contig 368.25 located at the end of supercontig NW_060541.1, encoding the chicken MHC (the B system) on chromosome 16 (Bloom and Bacon 1985; Fillon et al. 1998; Kaufman et al. 1999a,b) . Indeed, detailed analysis showed that contig 368.25 contains the sequence with 98% identity with that of exon 5, intron 5, and exon 6 of CD1.1. Thus, CD1.1 is located across the two supercontigs NW_090165.1 and NW_060541.1. Immediately downstream from the CD1.1 exon 4 sequence, contig 3696.2 contains a sequence (∼220 bp) that is ∼80% identical to that of intron 4, exon 5, and intron 5 of CD1.2 at the nucleotide level; however, this sequence was not identified by our genomic PCR experiments (accession numbers AB204798 and AB204799). Because the exon-5-like sequence in contig 3696.2 contains a frameshift mutation and lacks consensus splice acceptor/donor sequences, it is likely derived from a CD1 pseudogene or gene fragment. We presume that this ∼220-bp sequence stretch was misassigned to contig 3696.2. Our genomic PCR experiments also ruled out the possibility that the sequence corresponding to contig 368.26 (located at the very end of supercontig NW_060541.1; Fig. 3a) is located between exons 4 and 5 of the CD1.1 gene.
Comparison of the draft sequence (NW_060541.1) and the sequence of the chicken MHC B system reported by Kaufman et al. (1999b) indicates that the former contains several gaps, but is colinear with the latter in overlapping regions. Supercontig NW_060541.1 extends downstream of the histone H3 pseudogene located at the end of the sequence of Kaufman et al. (1999b) and contains TN-Y and LOC427729 (Fig. 3b) . Because supercontig NW_060541.1 contains gaps between histone H3 and TN-Y and between TN-Y and LOC427729, we performed genomic PCR to estimate the gap size and to confirm the physical linkage of these genes. We found that histone H3 and TN-Y are ∼3.5 kb apart and that the distance between TN-Y and LOC427729 is ∼5.7 kb. Similarly, we confirmed by genomic PCR and sequencing that CD1.1 and LOC427729 are ∼600 bp apart from each other (accession number AB205394). Because histone H3 has been localized to the MHC (Kaufman et al. 1999b ), these results provide convincing evidence that, unlike human and mouse CD1 genes, chicken CD1 genes are located adjacent to the class I (BF) and IIB (BLB) genes and thus encoded within the MHC B system. Orientation of the cosmid cluster (AL023516.1) relative to the previously characterized class IIA gene (BLA) (Kaufman et al. 1995; Salomonsen et al. 2003) indicates that the CD1 genes map between BF and BLA. To independently test the physical linkage of CD1 to the MHC, we performed dual-color FISH using chicken tapasin cDNA and a mixture of chicken CD1.1 and CD1.2 cDNA as probes (Fig. 4) . The red signal detecting CD1.1 and CD1.2 was colocalized to the green signal detecting the tapasin gene located in the MHC (Frangoulis et al. 1999; Kaufman et al. 1999b) , consistent with the conclusion that CD1.1 and CD1.2 are encoded in the B system. Isolation of chicken PROCR cDNA and the organization of the PROCR gene Another family of MHC class-I-like genes identified through BLAST searches of the chicken draft genome was PROCR coding for the endothelial protein C receptor. A computer search of the EST database at NCBI identified three PROCR sequences (BU303961, BU302284, and BU393787). On the basis of the information obtained from the draft genome and EST sequences, we designed gene-specific primers and isolated full-length PROCR cDNA by RACE. The deduced chicken PROCR molecule is made up of 223 amino acids, of which the N-terminal 16 residues were predicted to constitute the signal peptide (Fig. 5a) . Thus, the protein moiety of the mature form of PROCR has 207 amino acids, with a calculated molecular mass of 23,018.39. Chicken PROCR was predicted to have a single TM and seven N-linked glycosylation sites. Amino acid sequences of chicken PROCR were 40, 38, 35, and 34% identical to those of human, bovine, mouse, and rat PROCR, respectively.
We determined the exon-intron organization of chicken PROCR by comparing the cDNA sequence with the draft genome sequence deposited in the database (XM_422681). The exonic sequence predicted from the database was completely identical to our cDNA sequence. Chicken
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Chicken PROCR spans ∼1.8 kb and has four exons (Fig. 5b) . Exon 1 encodes the 5′-UTR, the signal peptide, and the first three residues of the α1 domain. Exons 2 and 3 encode the α1 and α2 domains, respectively, and exon 4 encodes the CP, TM, CYT, and 3′-UTR. All exon-intron boundaries conformed to the canonical GT/AG rule. Like human and mouse PROCR genes, RNA splicing took place between the first and second base of the junctional codons in all boundaries. We mapped the transcription initiations sites of chicken PROCR by sequencing 13 clones of 5′-RACE products. Twelve out of 13 clones started at the guanine residue located 18 bp upstream from the first adenine residue of the translation initiation site, indicating that this position constitutes a major transcription initiation site. A sequence that may function as a thrombin response element (minimum core sequence CCACCC) (Scarpati and DiCorleto 1996) was located at positions -234 to -229 (not shown). The 5′-flanking region of chicken PROCR contained three SP1-binding sites (-459 to -451, -388 to -380 and -200 to -192) but, unlike human but similar to mouse PROCR, possessed no canonical TATA or CCAAT box.
Discussion
In the present study, we showed that chickens have at least two families of MHC class-I-like genes: CD1 and PROCR.
Modern birds including chickens are thought to have originated from archosaurians derived from primitive diapsids. On the other hand, mammals are thought to have originated from primitive synapsids. Thus, the existence of CD1 and PROCR in mammals and birds indicates that a common ancestor of diapsids and synapsids, hence that of all amniotes (Meyer and Zardoya 2003) , had these two families of class-I-like genes. Interestingly, phylogenetic analysis indicates that CD1 and PROCR are most closely related to each other among known families of class-I-like genes and that this relationship is supported by high bootstrap values (Fig. 2) , consistent with the observation that the crystal structure of PROCR α1 and α2 domains (Oganesyan et al. 2002) resembles that of CD1d (Zeng et al. 1997) . Thus, CD1 and PROCR constitute a subfamily of class-I-like genes that predates the emergence of mammals. Can the origin of a common ancestor of CD1 and PROCR be traced back to even lower classes of vertebrates? To address this issue, we performed computer searches using the genome databases of Fugu (JGI assembly v3.0), zebrafish (Ensembl 27.4b.1), and Xenopus tropicalis (JGI assembly v3.0). This analysis failed to provide any evidence for the existence of CD1 or PROCR in these organisms (unpublished data). However, this may be accounted for by the incompleteness of the databases, sequence divergence that exceeds the limits of detection, and/or gene loss specific to animals subjected to genome sequencing. Thus, additional work will be required to draw conclusions as to the phylogenetic origin of the CD1/PROCR family. The most interesting and unexpected observation made in this work is that chicken CD1 genes are encoded in MHC B system adjacent to the class III region (Figs. 3 and 4) . In mammals including humans, mice, and rats, CD1 genes are located outside the MHC (Albertson et al. 1988; Matsuura et al. 1999; Moseley et al. 1989) . The most straightforward interpretation of this observation is that the chicken MHC retains original gene configuration: CD1 genes were originally located in the MHC and secondarily translocated to the outside of the MHC in the mammalian lineage. This implies that CD1 genes emerged within the MHC by tandem duplication of class I genes. Whether an original class I gene was involved in the presentation of lipids like CD1 or of peptides like classical MHC class I is an open question. Because classical class I genes have been identified in all classes of jawed vertebrates (Flajnik and Kasahara 2001; Kelley et al. 2005) , whereas CD1 genes have been identified thus far only in mammals and chickens, we favor the view that peptide-binding class I molecules emerged earlier than CD1. In mammals, CD1 genes are located in one of the four MHC paralogous regions presumed to have emerged by two successive rounds of block duplication that took place close to the origin of jawed vertebrates (Kasahara 1999) . Because the α3 domain of CD1 is equally distant from those of MHC class I and class II molecules, it has been proposed that CD1 genes emerged at the time when class I and class II genes diverged (Martin et al. 1986 ). On the basis of this observation, we proposed previously that CD1 and MHC class I genes may have diverged by block duplication that formed the MHC paralogous regions (Kasahara et al. 1997) . The localization of chicken CD1 genes to the MHC, however, favors the idea that they diverged by tandem rather than block duplication. Nevertheless, we cannot rule out the possibility that CD1 was secondarily translocated to the MHC in the chicken lineage. While the present paper was under review, two papers describing the linkage of chicken CD1 to the MHC appeared (Miller et al. 2005; Salomonsen et al. 2005) .
In mammals, CD1 molecules are classified into two major groups with distinct immune functions (Calabi et al. 1989b; Dascher and Brenner 2003; Park and Bendelac 2000) . In man, CD1a, CD1b, CD1c, and possibly CD1e are group 1 molecules, and CD1d is a member of the group 2 CD1 molecules. Mice and rats have only group 2 CD1 molecules (Balk et al. 1991; Ichimiya et al. 1994 ), but rabbit and sheep have both groups of CD1 molecules (Calabi et al. 1989a; Dascher et al. 1999; Hayes and Knight 2001) , indicating that group 1 CD1 genes were lost in a rodent lineage (Dascher and Brenner 2003) . Phylogenetic analysis indicates that chicken CD1.1 and CD1.2 are neither group 1-nor group 2-like and that the duplication event that gave rise to chicken CD1.1 and CD1.2 took place independently from the one that created the two groups of mammalian CD1 genes (Fig. 2) . In mammals, group 1 CD1 molecules interact with "mainstream " T cells, whereas group 2 CD1 molecules are recognized by natural killer T (NKT) cells (Vincent et al. 2003) . Because the development of NKT cells is impaired in mice deficient in group 2 CD1 molecules (Chen et al. 1997; Mendiratta et al. 1997) , chickens, which do not have an ortholog of mammalian group 2 CD1, may lack authentic NKT cells. It is, however, also possible that functional specialization into two groups occurred in the chicken CD1 system by convergent evolution.
Another family of class-I-like genes identified in the chicken was PROCR (Fig. 5) , which encodes the endothelial protein C receptor expressed on endothelial cells of large veins and arteries (Fukudome and Esmon 1994) . Unlike most other members of the class I family, this receptor, which is involved in the protein C anticoagulant pathway, is a membrane glycoprotein with only two extracellular domains (α1 and α2). Like its mammalian counterpart, chicken PROCR has only two extracellular domains and its exon-intron structure is essentially identical to those of human and mouse counterparts (Hayashi et al. 1999; Liang et al. 1999; Simmonds and Lane 1999) . In humans and mice, PROCR has been localized to 20q11.2 and 2H1-3, respectively (Hayashi et al. 1999; Mincheva et al. 1995; Simmonds and Lane 1999) , whereas the draft genome assembly predicts that chicken PROCR is on chromosome 9. The region of the chicken genome corresponding to human 20q11 and mouse 2H1-3 is on chromosome 20. Conversely, none of the genes in the vicinity of chicken PROCR has its counterpart on human 20q11.2 or mouse chromosome 2 (Fig. 5b) . Thus, if the chicken draft genome assembly is correct, mammalian and chicken PROCR are located in nonorthologous chromosomal segments. If the translocation of PROCR from the MHC took place only once in a common ancestor of mammals and chickens, this gene must have undergone another round of translocation in either a mammalian or avian lineage. Alternatively, translocation of PROCR may have occurred independently in mammalian and avian lineages, thus resulting in localization in nonorthologous chromosomal segments.
Despite extensive database searches, we were unable to identify MICA/B, Mill, FCGRT, AZGP1, MR1, HFE, or RAET/ULBP families of class-I-like genes in the chicken draft genome. This is likely because some of them emerged first in the mammalian lineage. For example, FCGRT, which encodes the heavy chain of the neonatal IgG Fc receptor involved in the transfer of maternal IgG across intestinal epithelia and yolk sac membranes (Simister and Mostov 1989) , seems to be a mammalian invention because the transfer of maternal IgY, the chicken counterpart of mammalian IgG, to embryos across yolk sac membranes is mediated by a receptor structurally unrelated to the neonatal IgG Fc receptor (West et al. 2004 ). However, others may have simply eluded detection because the available draft genome sequence was incomplete, their sequences were too divergent, or they were lost specifically in the chicken as a result of domestication or for other reasons.
